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Body mass has a positive effect on bone health. Whether mass derived from an obesity condition or excessive fat
accumulation is beneficial to bone has not been established; neither have themechanisms bywhich obesity affects
bone metabolism. The aim of this study was to examine the effects of obesity on bone structure and osteoblastic
expression of key markers involved in bone formation and resorption in a diet-induced obesity mouse model. Six-
wk-oldmale C57BL/6mice (n=21)were assigned to twogroups and fedeither a control (10 kcal% energyas fat) or
high-fat diet (HFD, 45 kcal% energy as fat) for 14 weeks. Bone marrow stromal/osteoblastic cells (BMSC) were
cultured. Osteoprogenitor activity [alkaline phosphatase (ALP) positive colonies] and mineralization (calcium
nodule formation) were determined. Gene expression was measured using quantitative real-time PCR. Bone
structure of proximal and midshaft tibia was evaluated by micro-computed tomography. Mice fed the HFD were
31%heavier (Pb0.01) than those fed the control diet. ThereweremoreALPpositive colony formingunits at d 14 and
calcium nodules at d 28 of culture by BMSC fromHFDmice than from control mice (Pb0.01). Receptor activator of
NF-κB ligand (RANKL) mRNA levels and the ratio of RANKL to osteoprotegerin expression in HFD animals was
higher (Pb0.01) than in control diet animals. Serum tartrate-resistant acid phosphatase levels were higher in HFD
fed mice when compared to control diet fedmice (Pb0.05). There were no significant differences in tibial fat-free
weight, length, and cortical parameters of midshaft between the two groups. Compared with control mice, tibial
trabecular bonevolumewas reduced, and trabecular separationwas increased inHFDmice. Trabecularnumberwas
lower (Pb0.05) and connectivity density tended to be less (P=0.07) in HFD mice than in control mice. In
conclusion, our data indicate that obesity induced by a high-fat diet decreases cancellous bone mass but has no
effect on cortical bone mass in the tibia in mice.
Published by Elsevier Inc.
Introduction
Despite being a risk factor for many chronic health disorders,
obesity, amajor public health problem affectingmore than 300million
people globally, has been thought beneficial to bone and a protective
factor for osteoporosis in humans [1–3]. Any effects alleged to be
beneficial to bone are mainly based on a well-established positive
correlation between body weight (BW) (or mechanical loading
conferred by BW) and bone mineral density (BMD) found in animals
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and humans [4–6]. Mechanical loading stimulates bone formation by
decreasing apoptosis and increasing proliferation and differentiation
of osteoblasts and osteocytes [7] possibly through Wnt/β-catenin
signaling pathway [8,9]. However, accumulating data suggest that
excessive fat mass is detrimental to bone [10–12]. Marrow adipogen-
esismaybe inversely related to osteoblastogenesis since adipocyte and
bone-forming cell, osteoblast, are derived from a common multi-
potential mesenchymal stem cell [13,14].

In a geneticmousemodel for obesity, leptin-deficient (ob/ob) mice
weighed twice as much as lean mice and but had lower femoral BMD,
cortical thickness, and trabecular bone volume [15]. Apparently the
positive effect of mechanical loading conferred by body weight could
not overcome the detrimental effect of obesity (or possibly leptin
deficiency) on bone in these mice.

In diet-induced obesity animal studies, structure and mechanical
properties of both cortical and cancellous bones were negatively
affected by diets with high fat content [16,17].When fed a high-fat diet
(HFD) for two years, rats had a significantly smaller average cross-
sectional area of the sixth lumbar vertebra and lower loads, energies,
and stiffness of both L6 and femoral neckwhen these parameters were
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adjusted to body mass [18]. However, none of these studies eva-
luated bone structure with micro-CT tomography (μCT) technology
or addressed possible mechanisms by which HFD affects bone
metabolism.

We evaluated bone architecture of proximal and midshaft tibia by
μCT in mice fed a HFD for 14 wks to determine whether a HFD
influences bone structure. To determine the HFD on functions of
osteoblasts, we cultured bone marrow stromal/osteoblastic cells
(BMSC) for up to 28 days. The number and area of alkaline
phosphatase positive colony forming units (CFU-ALP+) at d 14 and
calcium nodules at d 28 were measured in addition to the expression
of ALP, alpha 1 collagen (COL1A1), osteocalcin (OC), receptor activator
of NF-κB ligand (RANKL), osteoprotegerin (OPG), and macrophage
colony stimulation factor (M-CSF).

Materials and methods

Chemicals and reagents

Ketamine HCl was purchased from Animal Health Co. (St. Joseph,
MO). Xylazine HCl was purchased from Phoenix Scientific (St. Joseph,
MO). Fetal bovine serum (FBS) was from Atlanta Biologicals (Nocross,
GA). The following reagents and kits were purchased from Sigma-
Aldrich (St. Louis, MO): Alpha modified essential medium (αMEM),
tartrate-resistant acid phosphatase (TRAP) staining kit, Alizarin Red
(A5533) and ALP staining kit (86R). Trizol reagent was purchased from
Invitrogen (Carlsbad, CA). The oligonucleotide primers for PCR
amplification were designed by the Primer Express software (Version
3.0) from Applied Biosystems (Foster City, CA) and synthesized by
IntegratedDNATechnologies (IDT, Coralville, IA)withHPLCpurification.

Animals and diets

Male C57BL/6 mice, 6 wks old, were obtained from Charles River
Laboratories. All mice were housed in Plexiglas ventilated cages
(2 animals/cage)with alpha-dri beddingwithin a pathogen-free facility
thatmaintained a 12-hour light/12-hourdark cycle. The animal protocol
Table 1
Composition of experimental dietsa.

Ingredient Control High-fat diet

g
Casein, 80 Mesh 200 200
L-Cystine 3 3
Corn starch 315 72.8
Maltodextrin 10 35 100
Sucrose 350 172.8
Cellulose, BW200 50 50
Soybean oil 25 25
Lard 20 177.5
Mineral mixb 10 10
Dicalcium phosphate 13 13
Calcium carbonate 5.5 5.5
Potasium citrate, 1H2O 16.5 16.5
Vitamin mixc 10 10
Choline bitartrate 2 2
Total weight, g 1055 858

Energy, kcal/g diet 3.85 4.73
% Energy
Carbohydrate 70 35
Protein 20 20
Fat 10 45

a Prepared by Research Diet, Inc., New Brunswick, NJ.
b The mineral mix composition was as follows (amount in 10 g): 0.5 g Mg, 0.3 g S,

1.0 g Na, 1.6 g Cl, 6.0 mg Cu, 0.2 mg I, 45.0 mg Fe, 59 mg Mn, 0.2 mg Se and 29 mg Zn.
c The vitamin mix composition was as follows (amount in 10 g): 4000 IU vitamin A

palmitate, 1000 IU cholecalciferol, 50 IU vitamin E acetate, 0.5 mg menadione sodium
bisulfite, 0.2 mg biotin, 10 μg cyanocobalamin, 2 mg folic acid, 30 mg nicotinic acid,
16 mg calcium pantothenate, 7 mg pyridoxine-HCl, 6 mg riboflavin, 6 mg thiamin HCl.
for the study was approved by the USDA-ARS Grand Forks Human
Nutrition Research Center Animal Care Committee. Animals were
maintained and processed in accordance with the NIH Guide for the
Care and Use of Laboratory Animals. Mice were allowed to acclimate in
our animal facility for 3 days before being randomly assigned into two
groups (n=11 for the control group and n=10 for the HFD group).

Mice had free access to tap water throughout the study. During the
study, mice consumed ad libitum either a control purified diet
(Control, 10% energy as fat, D12450B, New Brunswick, NJ) based on
AIN-93G [19] or a HFD (45% energy as fat) with extra fat from lard for
14 wks (Table 1). Body weight was recorded weekly.

Preparation of bones and measurements of fat-free weight and
midshaft diameter

Mice were euthanized with a ketamine cocktail (1.37:1 mixture of
ketamine:xylazine). Both tibias and femurs of each mouse were
removed and cleaned of adherent tissue. For fat-free weight (FFW),
the tibias were defatted by sequential extraction in ethanol and
diethyl ether using a Soxhlet apparatus. After drying overnight at
95 °C, bones were weighed and their length and midshaft diameter
were measured using a Max Cal Digital Caliper (Fre V. Fowler Co. Inc.,
Newton, MA) before being submitted to μCT scans as described below.

BMSC cultures

For the marrow harvest, one tibia and one femur from each mouse
were briefly immersed in 70% ethanol (3 s), and stored in primary
medium (α-MEM containing L-glutamine, nucleosides, supplemented
with 10% FBS, 1% penicillin–streptomycin, and 0.1% fungizone)
temporarily before BMSC were isolated and cultured as outlined
below. The bones were rinsed four times (2 min each) in a calcium-
and magnesium-free PBS (PBS-CMF) containing antibiotics (penicil-
lin–streptomycin) and fungizone under sterile conditions. The
epiphyses of each bone were removed with a razor blade and
discarded. The marrow was flushed out from the diaphysis with a
syringe and 26.5-gauge needle, and collected in primary culture
medium. The marrow cell suspension was gently drawn through an
18-gauge needle to mechanically dissociate the mixture into a single
cell suspension. The cells were plated at 10×106 cells/10 cm tissue
culture dish. On day 5, nonadherent cells were removed by aspiration,
and adherent cells (osteoblast-like cells) were replenished with
secondary medium (primary medium sup-plemented with 50 μg/ml
L-ascorbic acid and 3 mM β-glycerophosphate) to induce mesench-
ymal cells to form osteoblasts. Subsequent media changes were
performed every 2 days for up to 28 days.

Determination of CFU-ALP+ and calcium nodule formation

At 14 days of culture, cells were washed twice with PBS-CMF and
fixed in 10% formalin for 1 h then washed twice with distilled H2O.
Alkaline phosphatase positive colony forming units were stained with
a commercially available kit. At 28 days of culture, plates containing
BMSC were rinsed with PBS-CMF and fixed for 1 h with 10% formalin.
After fixed cultures were rinsed with distilled H2O, they were stained
with 2% Alizarin red (AR) for 10 min and rinsed five times with
distilled H2O to remove loosely bound stain to reveal mineralized
colonies. The number and area of CFU-ALP+ colonies and calcium
nodules more than 1 mm in diameter were counted and measured
with an imaging analyzer (Image Pro 4.5, Media Cybernetics, Inc.,
Bethesda, MD).

Measurement of mRNA levels in BMSC

BMSC were washed with PBS-CMF twice and collected for RNA
isolation at 14 days of culture. Total RNA was extracted using Trizol
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reagent according to the manufacturer's protocol. Denatured total
RNA from cells (2 μg) was reverse transcribed with the following
components from Applied Biosystems: 1× reverse transcription
buffer, 5.5 mM mgCl2, 500 μM of each dNTPs, 2.5 μM random
hexamers, 0.4 U/μl of RNase inhibitor, and 1.25 U/μl MultiScribe
reverse transcription enzyme in a 100-μl reaction volume with the
following protocol: hexamer incubation at 25 °C for 10 min, reverse
transcription at 37 °C for 1 h, and heat inactivation of reverse
transcriptase at 95 °C for 5 min.

The levels of mRNA of ALP, COL1A1, OC, RANKL, OPG, and M-CSF
were determined by qPCR. The sequence information of oligonucleo-
tide primers is presented in Table 2. Following reverse transcription,
the cDNA (2 μl) was amplified and quantified using a Sequence
Detection System (SDS 7300) and a PCR universal protocol as follows:
AmpliTaq Gold activation at 95 °C for 15 s and, annealing/extension at
60 °C for 1 min. The fluorescence of the double-stranded products
accumulated was monitored in real time. The relative mRNA levels
were normalized to levels of GAPDH mRNA in the same sample.

To confirm the specificity of our primers and to ensure that
samples were free of DNA contamination, RT-PCR products were run
for dissociation curve. Only one distinct peak was observed for each
gene (data not shown).

Serum TRAP5b measurement

The mouse TRAP assay kit was purchased from Immunodiagnostic
System (Fountain Hill, AZ). Serum TRAP5b was determined according
to the manufacturer's instructions.

Micro computed tomography measurements

The influence of dietary fat on trabecular and cortical bone
microstructure was assessed at the tibial proximal metaphysis and
mid-diaphysis. The tibia was placed in a holder of 10.2-mm in
diameter and scanned using a Scanco μCT scanner (μCT-40; Scanco
Medical AG, Bassersdorf, Switzerland) at 6 μm isotropic voxel size
with X-ray source power of 55 kV and 145 μA and integration time of
300 ms. The scans for trabecular bone were initiated from the growth
plate cross-sectionally and moving distally for a total of 400 slices and
for assessment of cortical parameters a scan of 60 slices was
performed for each bone [20–22]. The grey-scale images were
processed using a low-pass Gaussian filter (sigma=0.8, support=1)
to remove noise, and a fixed threshold of 220 was used to extract the
Table 2
Oligonucleotide primers for cDNA amplificationa.

Oligonucleotide GeneBank accession no. Sequence (5′–3′)

AP forward primer J02980 TCCTGACCAAAAAC
AP reverse primer TGCTTCATGCAGAG

OC forward primer U11542 CTCACAGATGCCAA
OC reverse primer CCAAGGTAGCGCC

COL1A1 forward primer U08020 GCGAAGGCAACAG
COL1A1 reverse primer CTTGGTGGTTTTGT

GAPDH forward primer XM 001473623.1 TGCACCACCAACTG
GAPDH reverse primer GGATGCAGGGATG

RANKL forward primer AF053713 CCTGAGGCCCAGC
RANKL reverse primer CTTGGCCCAGCCTC

OPG forward primer U94331 TACCTGGAGATCGA
OPG reverse primer CCATCTGGACATTT

M-CSF forward primer NM_007778 CATCCACGCTGCGT
M-CSF reverse primer GGGATTCGGTGTC

a The oligonucleotide primers for PCR amplification were designed by the Primer Expres
Technologies (IDT, Coralville, IA) with HPLC purification. The specificity of primers was con
mineralized bone from soft tissue and marrow phase. The reconstruc-
tion and 3D quantitative analyses were performed by using software
provided by Scanco. The same settings for scan and analysis were used
for all samples.

A direct three dimension (3D) evaluation of trabecular bone
structural parameters was done in a region of interest (ROI) that
consistedof about 120 slices starting fromabout 0.1mmdistal to growth
plate, constituting 0.70 mm in length. Cancellous bone was separated
from the cortical regions by semi-automatically drawn contours. The
following 3D parameters in the defined ROI were analyzed: bone
volume (BV, mm3), tissue (cortical and marrow) volume (TV, mm3),
relative bone volume over total volume (BV/TV, %), trabecular number
(Tb.N, 1/mm), trabecular thickness (Tb.Th, μm), trabecular separation
(Tb.Sp, μm), connectivity density (Conn.Dn, 1/mm3), structure model
index (SMI, ranges from 0 to 3 with 0=platelike and 3=rodlike), and
BMD (g hydroxyapatite/cm3). BMD is the average density of the
segmented fraction of the ROI (bone) not including the marrow cavity.
The ROI of cortical analyses consisted about 60 slices that cover the
length of 0.24 mm at the tibial midshaft. The following cortical
parameters in the defined ROI were calculated and averaged at the
cross-slide defined as the midpoint between the proximal and distal
epiphyses: cortical thickness (Ct.Th, mm), bone area (B.Ar, mm2), and
medullary area (Me.Ar, mm2). Bone histomorphometry nomenclature
follows recommended standards [23].

Data Analysis

Data on all parameter are expressed as group means±SE (n=10–
11 animals/group). Differences between the experimental groups
were analyzed using the Student t-Test. Differences between groups at
different time-points (body weights) were analyzed by repeated
measurement of analysis of covariance (ANCOVA) using baseline
weight as the covariate (SAS version 9.1.3, SAS Institute, Inc., Cary, NC)
[24]. In all of the analyses, Pb0.05 was considered to be statistically
significant.

Results

Body weight

The body weight at each time point for the two groups is shown in
Fig. 1. Starting from five wks of age, the body weight of animals fed the
HFD was significantly greater than that of mice fed the control diet
Amplicon length Corresponding cDNA sequence

CTCAAAGG 101 1138–1159
CCTGC 1238–1220

GCCC 98 76–93
GGAGTCT 173–154

TCGCT 101 4166–4183
ATTCGATGAC 4266–4243

CTTAG 177 520–538
ATGTTC 696–678

CATTT 108 644–661
GAT 751–735

ATTCTGCTT 110 424–446
TTTGCAAA 533–512

GAAG 62 1567–1584
GCAATAT 1628–1609

s software (Version 3.0) from Applied Biosystems and synthesized by Integrated DNA
firmed by running dissociation curse with Sequence Detection System (SDS 7300).



Fig. 2. Determination of alkaline phosphatase positive colony forming units (CFU-ALP+)
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(Pb0.05). From this time on, the difference between the two groups
increased constantly. At the end of the study (14 wks on experimental
diets), mice on the HFD weighed about 31% heavier than control mice
(31±1 and 41±2 g for control and HFD mice, respectively).

BMSC differentiation

To determine the effect of dietary fat on bone marrow stromal/
osteoblastic cell differentiation, osteoprogenitor number, and mine-
ralization, we cultured BMSC from tibias and femurs in vitro and
measured the number and area of CFU-ALP+ at d 14 andmineralizing
nodules at d 28 of culture (Fig. 2). Compared with mice fed the
control diet, HFD fed mice had significantly increased (Pb0.01) the
number of CFU-ALP+ colonies at d 14 of culture (93±11 vs 143±9
for control and HFD mice, respectively) (Fig. 2B). The total area of
these CFU-ALP+ colonies (Fig. 2C) was greater (Pb0.01) for the HFD
group than the control group (436±65 vs 649±73mm2, respectively).
When cultured in vitro under differentiating reagents (vitamin C and β-
glycerophosphate), BMSCstarted to formmineralizingnodules atd21 of
culture and maximal calcium nodules were observed at d 28 of culture.
At d 28 of culture, the number of AR-stained calcium nodules (Fig. 2B)
was increased (Pb0.01) in BMSC frommice fed the HFD comparedwith
mice fed the control diet (45±11 vs 90±7 for control and HFD mice,
respectively). Mice on the HFD were associated with a significant 2.2-
fold increase in the total area of mineralizing nodules compared with
mice on the control diet (Fig. 2C).

Expression of ALP, COL1A1, OC, RANKL, and OPG in osteoblastic cells

To determine the effect of the HFD on the expression of markers of
osteoblasts, we measured ALP, COL1A1, and OC mRNA levels in BMSC
by quantitative real-time PCR (Fig. 3). All values were normalized to
GAPDH mRNA levels and expressed as a percentage of the controls.
Compared with the control diet, the HFD increased (Pb0.05) ALP
mRNA levels by 41% (Fig. 3A). No differences were found in COL1A1
and OC mRNA levels in BMSC between the two groups at d 14 of
culture (Fig. 3A).

To determine the effect of the HFD on the expression of genes
involved in bone resorption process, we measured mRNA levels for
RANKL, OPG, and M-CSF in BMSC (Fig. 3B). At 14 days after plating,
RANKL mRNA levels in BMSC from HFD mice were higher (Pb0.05)
than those from control mice (Fig. 3B). Differences were not detected
in OPGmRNA levels in BMSC fromHFDmice as compared to that from
Fig. 1. Changes in body weight of mice fed the control diet (Control) and the high-fat
diet (HFD) for 14 wks. Results are mean±SE (n=11 for the control group and n=10
for the HFD group). Data were analyzed by one-way ANCOVA with repeated measures.
1Pb0.05 and 2Pb0.01 compared to the control group.

and calcium nodules in bone marrow stromal/osteoblastic cell (BMSC) culture. (A)
Representative plates of BMSC culture at d 14 of culture stained for alkaline phosphatase
activity (ALP) and at d 28 of culture for Alizarin Red (AR) stained mineralizing nodules.
The number (B) and total area (C) of CFU-ALP+ colonies and calcium nodules that
were N1 mm in diameter were counted and measured with an imaging analyzer (Image
Pro 4.5, Media Cybernetics). Data are mean±SE (n=11 for the control group and n=10
for the HFD group). 2Pb0.01 compared with mice fed the control diet, Student t-Test.
control mice (PN0.05) (Fig. 3B). As a result, the ratio of RANKL to OPG
expression in HFD animals was higher (Pb0.01) than in control diet
animals (data not shown). No differences (PN0.05) were found in
M-CSF mRNA levels between HFD and control mice (Fig. 3B).

Serum TRAP levels

Consistent with the increased RANKL expression in cultured
osteoblasts, the levels of serum TRAP (Fig. 4), a marker of bone
resorption, were higher in HFD mice when compared to control mice
(7.0±0.4 vs 10.24±1.3 U/L for control and HFD mice, respectively).

Bone mass and structure

The FFW and the length of the tibia are reported in Table 3. While
body weight of HFD mice increased by about 31% compared with



Fig. 3. Gene expression levels in bone marrow stromal/osteoblastic cells (BMSC) at d 14
of culture in mice fed the control and the high-fat diet (HFD) as measured by
quantitative real-time PCR. (A) Alkaline phosphatase (ALP), alpha 1 collagen (COL1A1),
and osteocalcin (OC). (B) Receptor activator of NF-κB ligand (RANKL), osteoprotegerin
(OPG), and macrophage colony stimulation factor (M-CSF). Data are mean±SE (n=11
for the control group and n=10 for the HFD group). 1Pb0.05 compared with mice fed
the control diet, Student t-Test.

Fig. 4. Serum tartrate-resistant acid phosphatase (TRAP) concentration in mice fed the
control and the high-fat diet (HFD). Data are mean±SE (n=11 for the control group and
n=10 for theHFDgroup).1Pb0.05 comparedwithmice fed the control diet, Student t-Test.

Table 3
Fat-free weight, length of whole tibia and structural parameters of midshaft tibia in
mice fed the control and the high-fat diet.

Control HFD P value

Whole tibia
Fat-free weight (mg) 38.9±1.4 39.3±2.0 0.868
Length (mm) 17.8±0.1 17.8±0.1 0.416

Midshaft tibia
Diameter (mm) 1.00±0.02 1.01±0.02 0.716
Ct.Th (mm) 0.22±0.01 0.21±0.01 0.641
B.Ar (mm2) 0.71±0.03 0.68±0.03 0.545
Me.Ar (mm2) 0.46±0.02 0.48±0.02 0.275
Total bone area (mm2) 1.17±0.04 1.17±0.04 0.275

Values are means±SE. Control diet (Control): 10% energy as fat, High-fat diet (HFD):
45% energy as fat. Significant differences were assessed by the Student's t-Test.
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control mice at the end of study (Fig. 1), no difference (PN0.05) was
found in FFWof mice fed the HFD compared with mice fed the control
diet. However, when adjusted for body weight, FFW of control mice
(1.24±0.04 mg/g) was significantly greater than FFW/BW of HFD
mice (0.97±0.03 mg/g; Pb0.01). Diets had no effect (PN0.05) on
either tibial length or midshaft diameter of mice.

Non-destructive μCT was used to evaluate the effect of diets on
bone structure in proximal (Fig. 5) and midshaft (Table 3) tibia. Total
bone areawas the same in HFD as in control mice (Table 3). Significant
differences in cortical measurements (Ct.Th, B.Ar, andMe.Ar) were not
detected between control and HFD mice. Examination of proximal
tibia revealed that trabecular bone was affected by the HFD (Fig. 5).
While the TV was not different between two groups, the tibial BV of
HFD mice was significantly lower than that of control mice (Pb0.05).
As a result, HFD mice had about 5% lower BV/TV than control mice
(20.6 vs. 15.8% for control and HFD mice, respectively; Pb0.05).
Compared to mice fed the control diet, trabecular thickness was not
significantly different between two groups but trabecular numberwas
lower (Pb0.05) in HFD mice than in control animals. Trabecular
separation increased significantly in HFD mice compared to control
mice (185±7 and 213±11 μm for control and HFDmice, respectively;
Pb0.05). Mice fed the HFD diet had marginally less connectivity
density than those fed the control diet (166±9 and 132±16 1/mm3

for control and HFD mice, respectively; P=0.07). Structural model
index was not significantly altered by the HFD for the proximal tibia
(Fig. 5F). No changes in segmented BMD were detected between HFD
and control mice (Fig. 5G).

Discussion

In the present study we have shown that feeding mice a high-fat
diet (45% energy as fat) for 14 wks decreases trabecular bone volume
and trabecular number in the proximal tibia but has no effect on
cortical bone mass despite a substantial increase in body weight and
bone formation markers in cultured BMSC in a diet-induced obesity
mouse model. These structural changes are accompanied by increases
in serum TRAP levels and the ratio of RANKL/OPG expression in
cultured osteoblasts.

The C57BL/6 mice were used as a model in our study since the
skeletal structure changes with age in these animals are similar to
those that occur in humans [22]. Furthermore, the diet-induced
obesity mouse shares many features of human obesity and metabolic
syndrome. When fed a high-fat diet, animals develop central
adiposity, hyperinsulinemia, insulin resistance, hyperglycemia, and
hypertension [25,26]. As expected, mice on the HFD are obese and
accumulated much abdominal fat (our own observation); therefore
they were much heavier than those on the normal-fat diet.

Bonemarrow stromal cells or osteoprogenitors can be differentiated
into osteoblast-like cells through several phases: proliferation, organic
matrix synthesis, and matrix mineralization when cultured in α-MEM
media supplemented with vitamin C and β-glyceralphosphate. Each
phase is accompanied by the sequential expression of various genes
considered to be osteoblast markers. Alkaline phosphatase is an early
osteoblast differentiation marker and is associated with organic bone
matrix synthesis before its mineralization. Our in vitro culture of BMSC



Fig. 5. Structural parameters of the trabecular bone of the proximal tibia in mice fed the control and the high-fat diet (HFD). (A) The figures illustrate the region of a tibia of a mouse
analyzed by μCT. The trabecular bone can be separated from cortical bone and analyzed with this technology. An evaluation of trabecular bone structural parameters was done in a
region of interest that consisted of 120 slices starting from approximately 0.1 mm distal to growth plate, constituting 0.72 mm in length. (B) Bone volume (BV) and tissue volume
(TV). (C) Trabecular number (Tb.N). (D) Trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp). (E) Connectivity density (Conn. Dn). (F) Structural model index (SMI). (G)
Bone mineral density (BMD). Data are mean±SE (n=11 for the control group and n=10 for the HFD group). 1Pb0.05 compared with mice fed the control diet, Student t-Test.
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demonstrated that the number and proliferative potential of osteopro-
genitors were increased in mice fed the HFD compared to those fed the
control diet as evidenced by the number and total area of alkaline
phosphatase positive colonies and alkaline phosphatase mRNA expres-
sion in BMSC at d 14 (Figs. 2A–C). These results combined with the
increase in the formation of mineralizing nodules (AR staining) suggest
that bone formation may be increased in mice fed HFD although it
remains to be determined in vivo. It is well known that biomechanical
loading of body weight stimulates bone formation, decreases apoptosis
and increases proliferation and differentiation of osteoblasts and
osteocytes [7] while reduced loading due to hindlimb unloading or
microgravity conditions induces significant bone loss, inhibits the
proliferation and differentiation of osteoprogenitor cells and decreases
osteoblast number and maturation [7,27,28]. Therefore the finding of
increased bone formation markers in our study is not surprising,
considering HFD mice weighed considerably more than controls.
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The HFD did not affect fat-free weight, length, and midshaft
diameter of the tibia, a finding similar to few other studies where bone
morphology was evaluated [16,29,30]. The developmental growth of
mice may or may not be affected by the HFD. Or these parameters are
not sensitive to reflect the difference in developmental growth.
Excessive fat mass accumulationwas likely the main attributing factor
to the body weight gain in mice on the HFD [18,26,29,31]. Serum
concentrations of hormones related to developmental growth, such as
GH or IGF-I were not measured in the present study. Other studies
have shown that these hormones would not be affected in rats by HFD
[31] or markedly blunted in obese human subjects [32]. On the other
hand, evidence suggested that high circulating concentrations of
leptin in obesity can stimulate skeletal growth [33].

There was no difference in BMD (material not including the
marrow cavity) of either cancellous or cortical bone between the two
diet groups, indicating that high-fat diet did not impair mineraliza-
tion. Contrary to the finding of increased bone formation markers in
cultured osteoblasts, we found that obese mice had lower tibial
trabecular bone volume and lower trabecular number, and greater
trabecular separation than control mice, suggesting that bone
resorption might be increased in HFD animals.

The finding of HFD being detrimental to bone structure in the tibia
is in agreement with some reports where different species and
evaluation methods were used [16–18,34]. Our results differ with
Smith et al. who reported that the HFD did not affect bone size,
composition or mechanical properties in rats where animals were fed
the HFD for only two weeks [30]. Although Brahmabhatt et. al. con-
cluded that the weight gain produced by DIO may lead to improved
biomechanics (such as ultimate load and femoral energy absorption
capacity) in rats, they also showed that the ash content of both cortical
and cancellous bone was lower for rats termed “gainers” whose body
weights were 19% heavier than controls, which is similar to our
findings [29]. Differences in animal species, dietary fat levels, and
duration of high-fat feeding may account for some of the inconsistent
conclusions. Moreover, none of these studies used μCT technology to
evaluate bone structure at different sites. We scanned the bones with
the highest resolution (6 μm) to evaluate bone architecture non-
destructively in our DIO mouse model. Higher resolution would allow
a more accurate estimate of the bone structure.

Cortical parameters (B.Ar, Ct.Th, and Me.Ar) were not affected by
the HFD diet. The finding of cancellous rather than cortical bone
affected by the HFD is not surprising. In general, cancellous bone is
more responsive than cortical bone to diet or drug treatments,
physiological status, or aging because the cancellous bone is more
actively remodeled than cortical bone due to the larger surface to
volume ratio [35]. Other possible explanations are that midshaft
cortical bone might not have enough time to adapt the way of
macromodeling, or bone geometry at the midshaft did not change due
to biochemical and/or endocrinological constraints imposed by the
fat:lean ratio, or geometry changes did not reflect the additional
weight of obese mice. Had our data been adjusted to body weight as
was done in another study [18], a HFD would have decreased all
cortical bone parameters.

The findings that the high-fat diet adversely affected trabecular bone
structure seemed contrary to reports in humans that bodymass index is
positively associated with BMD [1,4,5]. While mechanical loading
conferred by body weight, in no doubt, has positive effect on bone
formation, whether excessive fat mass is beneficial to bone or a
protective factor for osteoporosis as some have suggested [36] has been
questioned. Accumulating data suggest that excessive fat mass is
negatively associated with bone mass [10–12]. Determining the effect
of obesity on bone health in humans has proved to be difficult because
human obesity is a complex issue which involves not only excessive fat
intake but also possibly disproportionate consumption of other
nutrients, such as protein and minerals, known to influence bone
metabolism [37]. Conclusions regarding the relationship between
obesity and bone in humans havemostly relied on statistical correlation
or modeling rather than controlled trials. Therefore, the obese mouse
animalmodel is useful for studying the effectof obesity inducedbyhigh-
fat diet on bonemetabolism. Studies have shown that obese animals eat
the same amount of energy regardless of dietary fat content [31,38,39].
Therefore, the intake of fat is differentwhile the intake of other nutrients
remains the same for HFD mice compared to control mice when a diet
formulated on an energy basis (i.e. HFD has a greater nutrient density
than the control diet). However, we cannot exclude the possibility that
nutrient intake might be different slightly between the two groups. In
humans, excess weight in the form of fat mass has been found to be
negatively related to radial cortical bone area, total bone cross-sectional
area, and cortical bone mineral content in adolescent females [12]. We
started a high-fat diet at 6-wk, a time which corresponds to childhood
and adolescence.Whether a high-fat diet has similar detrimental effects
on bones of mature animals when peak bone mass and strength have
been achieved remains to be determined.

Bone is a dynamic organ that undergoes significant turnover, a
process called modeling and remodeling which involves bone
resorption by osteoclasts followed by bone formation by osteoblasts
[40]. Therefore, bone mass reflects the balance of bone formation and
resorption. At the cellular level it involves the coordinated regulation
of osteoblast and osteoclast number and activity [41]. RANKL/RANK/
OPG signaling pathway plays an important role in this regulation.
Obesity is associated with a state of chronic inflammation [42,43] and
elevated production of pro-inflammatory cytokines, including TNF-α,
IL-1β, and IL-6. These cytokines have been shown capable of
stimulating osteoclast activity through regulating RANKL/RANK/
OPG pathway [44,45]. To further elucidate the possible mechanism
by which HFD affects bone structure and cell functions, we measured
serum TRAP concentration and mRNA levels of RANKL, OPG and
M-CSF in cultured osteoblasts [46–48]. The increased RANKL expres-
sion and the ratio of RANKL to OPG in cultured osteoblasts from
HFD mice combined with increased serum TRAP levels, suggesting
that osteoclast activity and bone resorption are presumably enhanced
with HFD.

In conclusion, our results show that obesity induced by feeding a
high-fat diet for 14 wks is detrimental to trabecular bone structure in
the proximal tibia of young mice. The dramatic increase in body
weight of obese mice may favor bone formation but obesity may also
increase bone resorption. High-fat diet may alter the balance of bone
modeling/remodeling resulting in decreased cancellous bone mass.
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